veals unique features. In particular, its active site is of DNA polymerase activity ( Figure 1B ). For instance, hPol protein from amino acids 1-513, which lacks the highly constrained at the site of the templating base and the incoming nucleotide, and unlike the other Y family last 357 amino acids of hPol, was much reduced in DNA polymerizing activity, and a hPol (1-451) protein polymerases, the PAD occupies a position away from the fingers subdomain but near to the palm subdomain. was found to be completely inactive as a DNA polymerase. Thus we used a protein terminated at amino acid These observations help explain hPol's role in lesion bypass.
position 526 for use in crystal analysis. To identify the importance of the unique first 100 residues of hPol which precedes motif I, we made three N-terminal deleResults tion mutants ( Figure 1B ). The first was at position 19 of hPol, and this protein retains a region of homology Defining the Catalytic Core The human Pol protein is set apart from other Y-family found among all eukaryotic Pol proteins. A second truncation started at position 68, which immediately fol-DNA polymerases by the presence of unique N-terminal and C-terminal regions. In fact, even within the DinB lows this conserved region. A third truncation was made that mimics the initiation positions in E. coli and S. solfasubfamily, the eukaryotic members differ from prokaryotic and archaeal members ( Figure 1A ). The C terminus taricus PolIV and Dpo4, respectively, and is located 10 amino acids N-terminal to motif I. Deletion of the first of hPol contains two zinc finger motifs and the N terminus contains a long extension, both of which are absent 19 amino acids had no effect on hPol DNA polymerase activity, whereas deletion of the first 68 residues rein E. coli Pol IV and S. solfataricus Dpo4. To test the importance of these N-terminal and C-terminal regions, duced activity ( Figure 1C ). The hPol protein lacking the first 91 amino acids contained no DNA polymerase and to identify the minimal catalytic portion of hPol, we made a series of N-terminal and C-terminal deletions activity ( Figure 1B) . Thus, the N-terminal region is indispensable for DNA polymerase activity, and the conof hPol and tested their DNA polymerase activities. The C terminus was deleted at several positions predicted served region between amino acids 19 and 68 is required for complete activity. to be near the end of the PAD region. Deletion of up to 344 amino acids of the C terminus of hPol, as in hPol (1-526), had no effect on DNA polymerase activity (Fig- 
Structural Determination
We sought to determine the structure of the catalytic ure 1B). Further deletion of C-terminal residues, predicted to form part of the PAD in hPol, resulted in loss core of hPol, but attempts to crystallize the 19-526 occur between helix ␣R of the PAD and the loop between strands ␤5 and ␤6 of the fingers subdomain. InterestAn intriguing question is the role of residues 19-67 that precede our construct and are required for full hPol ingly, the hPol fingers subdomain lacks the equivalent of strands ␤5 and ␤6 and this may be one reason why activity. Given the polarity of ␣A, these residues will extend beyond the top of the thumb subdomain and the PAD in hPol packs on the dorsal side of the palm subdomain, bolstered by interactions with the ␣/␤ tencould potentially reach over and interact with the template-primer. Correspondingly, the deletion of residues dril. In the Dpo4-DNA complex, contacts between the PAD and fingers subdomain are limited to few residues 19-67 diminishes considerably the ability of hPol to bind DNA (R.E.J., S.P., and L.P., unpublished data). In in the loop between ␤2 and ␤3 of the fingers subdomain and strand ␤9 of the PAD, with only ‫006ف‬ Å 2 of buried all, the hPol structure provides a basis for the importance of the N-terminal amino acids in its function: resurface area. Compared to yPol, the Dpo4 PAD is rotated toward the DNA major groove by ‫05ف‬Њ and interacvealing that a portion of N-terminal extension (aa 79-95) is integral to the folding of the thumb subdomain (Figtions with Ϫ3 to 10 Ϫ4 , whereas it exrole of hPol in the extension step of DNA synthesis? tends mispaired termini almost two orders of magnitude The modeling of template-primer and an incoming numore efficiently, with a frequency of ‫01ف‬ Ϫ1 to 10 Ϫ2 cleotide (from Dpo4/DNA/ddADP complex) reveals a (Washington et al., 2002) . Also, Pol is unable to insert particularly tight active site in hPol (Figures 5 and 6 ). nucleotides opposite the 3ЈT of a cis-syn T-T dimer, Although the fingers subdomain will likely move on acbut it can efficiently extend from a nucleotide inserted tual DNA binding, the comparison with yPol suggests opposite the 3ЈT of the dimer by another DNA polymerthat the inability of hPol to insert a nucleotide opposite ase (Washington et al., 2002) . In addition to UV sensitivthe 3ЈT of a cis-syn T-T dimer stems from a constrained ity, Pol-deficient mouse cells display increased sensiactive site cleft that cannot accommodate both Ts (contivity to benzo Photon Source) and there are two molecules in the asymmetric unit digestion of pBJ733 with AflII, followed by generation of blunt ends (Table 1) . SeMet crystals diffract to 2.7 Å . using dNTPs and T4 DNA polymerase. The religated vector, pBJ830, generates a frameshift mutation which causes the hPol protein to be truncated at residue 451. hPol (1-513) was generated by diges-
Data Collection and Structure Determination
The native data were measured at the Advanced Photon Source tion of pBJ733 with EcoRV and SpeI, which cleaves in the 3Ј region of the hPol gene, and similarly blunt ended and religated. The (APS, beamline 14 ID). The MAD data were also measured at APS (beamline 19 ID) at wavelengths corresponding to the edge and resulting plasmid, pBJ845, contains a stop codon at position after amino acid codon 513 of the hPol gene. The hPol (1-559) protein peak of the selenium K edge absorption profile, plus one remote wavelength (Table 1 ). The positions of 24 of the 30 selenium atoms was generated by digestion of pBJ733 with XbaI and SpeI followed by religation, generating plasmid pBJ828 which contains a framein the asymmetric unit were determined using SOLVE (Terwilliger and Berendzen, 1999). The initial experimental phases (2.7 Å ) were shift mutation that truncates the hPol gene after codon 559. hPol proteins prematurely terminated at residue 526 were generated by applied to the native data measured at APS (beamline 14 ID), and extended to the resolution of the native data (2.4 Å ). After solvent PCR using an oligonucleotide containing the termination codon TAG at position 527 of the hPol gene. N-terminal deletions of hPol flattening, this yielded a readily interpretable electron density map. Initial models of molecules A and B in the AU were built separately were generated by PCR, using primers to amplify regions corresponding to the residues indicated. All PCR products were verified without noncrystallographic symmetry (NCS) averaging, yielding an R free of 42%. Successive rounds of building with program O (Jones by sequencing. All hPol ORFs were subsequently cloned into pBJ842, to generate yeast expressible GST-fusion proteins. et al., 1991), in composite omit maps calculated with CNS (Brunger et al., 1998), and refinement lowered the R free to 30.14%. The picking GST-fusion plasmids were transformed into yeast strain BJ5464, and proteins were expressed and purified using glutathione Sephaof waters and additional rounds of building and refinement resulted in R cryst and R free of 24.6% and 28.1%, respectively, for native data rose beads as previously described (Trincao et al., 2001 ). All proteins were cleaved from their GST tags by treatment with PreScission between 50 and 2.4 Å resolution.
